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[57] ABSTRACT 
An apparatus for the performance of efficient, large 
scale separations, particularly electrophoresis and isoe 
lectric focusing, in free solution is described. Inner and 
outer cylinders define an annular separation chamber 
for solutions stabilized against convective ?ow by Tay 
lor vortices generated during rotation of inner cylinder 
above threshold frequencies. Separation substrates in 
solution migrate independently in a potential ?eld estab 
lished between axially distal anodic and cathodic re 
gions of the annular chamber. Axially de?ned portions 
of ?uid in the chamber identi?ed to contain concentra 
tions of selected substrates are readily separated from 
other portions of fluid in the chamber. 

21 Claims, 2 Drawing Sheets 
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VORTEX STABILIZED ELECI‘ROPHORETIC 
SEPARATION APPARATUS 

The research leading to the development of this in 
vention was supported in part by a Small Research 
Grant No. 1 R03 RRO3628-O1Al from the Department 
of Health and Human Services, Division of Research 
Resources. 

BACKGROUND OF THE INVENTION 
This invention relates to electrophoretic separations 

of chemical species in free solution. More particularly, 
this invention is directed to an electrophoretic appara 
tus wherein a liquid support medium in a separation 
chamber is stabilized against thermal/density gradient 
induced convective ?ow by a Taylor vortex regime. 

Electrophoretic techniques, such as electrophoresis 
and isoelectric focusing, have been widely used in mod 
ern biotechnology. They are recognized by skilled prac 
titioners as powerful techniques for separation and anal 
ysis of proteins and nucleotides, particularly, but also 
other charged chemical species. The principle of elec 
trophoretic separation is that molecules of different 
charge and/or size acquire different velocity with re 
spect to a support medium in the presence of an electri 
cal ?eld. A mixture, of various charged molecules will, 
under the influence of an electrical‘ ?eld, gradually be 
separated into zones of concentrations of molecules 
possessing identical migration velocities. In the isoelec 
tric focusing mode, the support medium is prepared to 
have a pH gradient across the electrical ?eld. The 
charge on amphoteric molecules in the carrier medium 
varies with their position in the pH gradient. The mole 
cules move toward the anode or cathode (depending on 
their charge) until they reach a pH zone within the 
support medium pH gradient where their net charge is 
zero-their isoelectric point. Thus molecules having 
like isoelectric points are focused, i.e. concentrated into 
the pH regions corresponding to their respective isoe 
lectric points. 
One of the principal problems experienced by early 

users of electrophoretic separation techniques is that 
associated with convective disturbances in the electro 
phoretic support medium. The passage of electric cur 
rent through the electrophoretic medium results in 
Joule heating of the medium. This heat is dissipated 
only through the boundaries of the electrophoresis 
chamber, and a natural consequence is the evolution of 
temperature, potential and concentration gradients 
within the medium. Because the density of the medium 
is a function of temperature, potential and concentra 
tion, gradients are established, leading to convective 
flows. These flows readily disrupt the separation pro 
cess by mixing of otherwise discrete zones in the me 
dium. 
One of the most commonly used techniques to sup 

press convective mixing in electrophoretic media is the 
use of so-called anti-convective stabilizers such as oo 
herent or granular gels. The former are most commonly 
polyacrylamide or agarose and the latter is usually Se 
phadex. Gels have been used in the preparative applica 
tions of each of the three common electrophoretic 
modes, isoelectric focusing, isotachophoresis, and zone 
electrophoresis. There are, however, several fundamen 
tal problems associated with gel stabilized electropho 
retic methods, especially in larger scale preparative 
applications. The manipulation and preparation of the 
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gel based supports is time consuming and tedious. There 

- is often a problem with adherence of the sample compo 
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nents to the gel which not only results in a decreased 
recovery but can also cause electroosmosis which has 
deleterious effects on resolution. In addition, the matrix 
must be removed from the recovered sample, and can 
not generally be reused. Thus, while gel based stabiliza 
tion methods are adequate for most research laboratory 
requirements, the upper limit of sample size is wholly 
inadequate for large scale separations. For that reason 
and because use of gels introduce complicating factors 
such as adsorption of analyte to the stabilizer, molecular 
sieving effects, or tortuosity of migration paths, there 
has been a signi?cant effort in the art directed toward 
development of methods and equipment for electropho 
retic separations in free solution. 
One of the earliest methods to stabilize liquid media 

against convection was through use of vertical density 
gradients. A review of the literature will show that 
practitioners have also attempted to make use of tem 
perature gradients, complicated flow methods, and hy 
drodynamic pumping. One of the most effective meth 
ods, in terms of sample capacity, for large scale electro 
phoretic methods including electrophoresis and isoelec 
tric focusing, utilizes membranes to de?ne subcompart 
ments in an electrolyzer. The membranes prevent bulk 
?ow between adjacent compartments while allowing 
free migration of separation substrates. Most recently, 
Bier and co-workers have combined compartmental 
ized columns and slow cylinder rotation in a device 
which has been commercialized as the “Rotofor”. 
The use of rotation of an electrophoretic separation 

chamber to stabilize a liquid support medium was used 
early by Hjerten who carried out zone electrophoresis 
and isoelectric focusing in a horizontal cylinder having 
an internal diameter of 3 mm, which is rotated (40 rpm) 
about the electrophoretic axis. The rotation acts to 
re-suspend zones of separation substrate which would 
otherwise sediment due to their higher density. The 
technique is micro-preparative at best. If the diameter of 
the cylinder is less than 0.8 mm, no rotation is necessary. 
The ?uid in such a small cylinder is stabilized by its own 
viscosity and capillary action. Electrophoresis tech 
niques utilizing such small diameter cylinders is referred 
to in the literature as capillary zone electrophoresis. 
Another approach to electrophoretic separations 

utilizing rotational stabilization of a liquid carrier me 
dium is the “Biostream” separator developed at the 
Harwell Atomic Energy Institute utilizing a concept 
originated by Philpot and developed by Thompson. 
Separation takes place in an annulus between two verti 
cally oriented concentric cylinders. The carrier/sup 
port buffer is pumped into the chamber from the bot 
tom. At the top is a stack of “maze plates” that divide 
the fluid into multiple fractions which in cross-section 
are concentric rings. Fluid stabilization is achieved by ~ 
rotation of the outer cylinder at 150 rpm, creating a 
velocity gradient radially across .the annulus, which 
maintains a laminar ?ow pro?le. The walls of the rotor 
and stator which de?ne the annular space are semi 
permeable and' isolate electrode chambers from the 
separation chamber. 

Because electrophoretic methods conducted in free 
solution offers signi?cant functional and practical ad 
vantages over systems utilizing anti-convective stabiliz 
ers, especially in the area of preparative/ industrial scale 
operation, there is a continuing need to develop alterna 
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tive methodologies for anti-convective stabilization of 
liquid media under electrophoretic conditions. 

Accordingly, it is an object of this invention to pro 
vide an apparatus for conducting electrophoretic sepa 
rations in free ?uids utilizing the phenomena of Taylor 
vortex ?ow for ?uid stabilization against convective 
mixing. 

It is a further object of this invention to provide a 
method for utilizing the convective circulation of the 
Taylor vortex to stabilize free liquid electrophoresis 
media against thermal, concentration and potential tran 
sients. 

It is still another object of this invention to provide a 
construction for an apparatus for the performance of 
electrophoretic separations which can be scaled up 
directly from analytical (microliter) to industrial (multi 
liter) scale. 
A separation apparatus usable for electrophoretic 

separations, including particularly zone electrophoresis 
and isoelectric focusing, in free liquids is provided. The 
apparatus is constructed to have a substantially uninter 
rupted annular chamber adapted to contain a support 
?uid and separation substrates capable of migrating 
relative to said ?uid under the influence of an electrical 
?eld. The annular chamber is de?ned by walls of an 
outer cylinder and a substantially coaxial, rotatably 
mounted inner cylinder. Preferably at least one of the 
cylinders is a right circular cylinder. The inner cylinder 
can be in the form of a solid cylinder or a tube having an 
outer diameter less than the inner diameter of the outer 
cylinder at respective axially aligned locii. 
The annular chamber is provided with means for 

applying an electrical ?eld between axially remote an 
odic and cathodic regions of the chamber. The electric 
?eld is preferably applied through electrodes in current 
conducting communication with the respective anodic 
and cathodic regions of the annular chamber. The elec 
trodes can be in direct contact with a support ?uid in 
the chamber or, preferably, each electrode is positioned 
in an electrolyte, itself in current conducting communi 
cation with the support ?uid. The electrolyte in contact 
with each electrode can be separated from the support 
?uid by an electrical current transmitting membrane 
structure, such as a porous glass membrane or a semi 
permeable membrane. 
The separation apparatus also includes a means for 

rotating the inner cylinder relative to the outer cylinder 
at a rotational frequency (F) where F is at least as high 
as the critical frequency (Fe) for the onset of Taylor 
vortex ?ow in the annular chamber. The critical fre 
quency for any given apparatus can be calculated from 
the formula provided hereinbelow. The critical Taylor 
vortex frequency is unique to each separation apparatus 
dependent on speci?c physical parameters unique to 
that apparatus and the viscosity of the support ?uid in 
the annular chamber. The inner cylinder is preferably 
rotated utilizing a variable speed stepping motor. The 
preferred rotational frequency of the inner cylinder 
during use of the separation apparatus is FC§F< IOFC. 
Higher rotational frequencies can be utilized, but with 
out known advantage. 
The present separation apparatus is also equipped 

with means for separating ?uid in axially discrete por~ 
tions of the annular chamber from ?uid in other axially 
discrete portions of the annular chamber. In a preferred 
embodiment the ?uid separation means includes a 
valved elution port communicating with the separation 
chamber and positioned so that at least a portion of the 
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4 
?uid can be eluted from the annular chamber through 
the port by gravity ?ow when the chamber is in a verti 
cal orientation. Preferably the valved outlet is located at 
or near an axial end of the annular chamber and thus 
proximal to the lowest point of the annular chamber 
when situated in a vertical orientation. 

Alternatively, the means for separating axially dis 
crete portions of ?uid in the chamber includes a port 
located proximal to an axial end of the annular chamber 
which is the uppermost end of the chamber in vertical 
orientation. Axially de?ned portions of the ?uid in the 
annular chamber can be removed, for example by a 
syringe inserted through said port and used to withdraw 
axially discrete portion of the ?uid in the chamber. The 
upper port can optionally serve also as a vent for gases 
formed at the electrodes during apparatus operation 
when the electrodes are positioned in the chamber. 

In a preferred embodiment the anodic region and 
cathodic region of the annular chamber are each lo 
cated proximal to a respective opposite axial ends of the 
annular chamber so that the electric ?eld spans substan 
tially the entire axial length of the chamber. 

Optionally the separation apparatus of this invention 
can include means for controlling temperature of the 
?uid contained in the annular chamber. Thus in a simple 
embodiment the temperature control means can include 
a coolant jacket in thermal communication with a wall 
of the chamber. Liquid of predetermined temperature 
can be circulated through the coolant jacket, for exam 
ple, to minimize temperature increase of the support 
?uid during performance of electrophoretic separation 
in the apparatus. Temperature control can be especially 
important when the separation substrates are known to 
be thermally labile. 
The separation apparatus can also be equipped with a 

means for detecting the axial locii of discrete concentra 
tions of separation substrates in the support ?uid. Thus, 
for example, the apparatus can be designed to accom 
modate a traveling light source and detector which can 
be moved axially along the length of the annular cham 
ber to detect axially de?ned portions of support ?uid 
which contain concentrations of separation substrates. 
Where such a detection system is used, it is preferred 
that the outer cylinder be formed at least partially from 
an optically transparent material, preferably quartz 
glass, to allow transmission of a broad range of UV and 
visible radiation. 

Alternatively, a detection means for substrate con 
centrations can be utilized to analyze the support ?uid 
as it is eluted from the separation chamber through the 
valved elution port. Thus the valved port can be 
equipped with a ?ow cell which includes a sensor capa 
ble of measuring, for example, pH, conductivity, or 
optical properties of ?uid ?owing from the separation 
chamber and through said ?ow cell. The signal from the 
sensor in said ?ow cell can be displayed graphically or 
utilized to trigger a fraction collector pre-programed to 
collect ef?uent volumes exhibiting sensed substrate 
concentrations above predetermined threshold values. 
The apparatus can be utilized in an isoelectric focusing 
mode wherein pH gradient-generating ampholytes are 
combined with the support ?uid to establish a predeter 
mined pH gradient between the anodic and cathodic 
regions of the annular chamber. In that mode of opera 
tion a compound of known isoelectric point can be 
isolated from support ?uid fractions by collecting those 
?uid volumes having a pH corresponding to the com 
pound’s isoelectric point. Such volumes can be detected 



4,900,421 
5 

utilizing a pH sensing ?ow cell mounted on the elution 
port. 
The Taylor vortex ?ow stabilized separation appara 

tus in accordance with this invention, is operated utiliz 
ing general operating procedures and techniques which 
have been utilized for electrophoretic separations in 
free ?uid electrophoretic separation devices in the prior 
art. Thus positioning of electrodes, loading of samples, 
selection of support ?uid composition (for example, 
buffer strength, buffer components, pH), selection of 
support fluid additives (for example, ampholytes, sur 
factants/surfactant micelles, urea, non-ionic densiomet 
ric agents, and the like) can be selected and utilized 
based on the same criteria for their selection and use in 
art-recognized separation equipment for electropho 
retic separations in free ?uid. 
The present separation apparatus can be utilized to 

effect electrophoretic separation of a wide variety of 
chemical species ranging from metal ion species to 
amino acids, proteins, nucleotides and polynucleotides, 
viruses, bacteria and other whole cells. The signi?cance 
of such broad application of the performance of electro 
phoretic methods utilizing the present apparatus is fur 
ther highlighted by the fact that the Taylor vortex stabi 
lization phenomena is such that the apparatus can be 
readily constructed to commercial scale speci?cations 
without loss of function or efficiency of operation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagrammatic view of an annular chamber 
illustrating formation of Taylor vortex cells. 
FIG. 2 is a sectional view of a vortex stabilized sepa 

ration apparatus of this invention. 
FIG. 3 is a cross-sectional plan view of the apparatus 

in FIG. 2 at 3——3 showing the flow through design of 
the lower inner cylinder support. 
FIG. 4 is a sectional view of another apparatus em 

bodiment of this invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

With reference to FIG. 1, Taylor vortex ?ow is gen 
erated in a liquid contained in an annular gap 10 be 
tween an inner cylinder 12 and a concentric outer cylin 
der 14 when the inner cylinder 12 is rotated relative to 
the outer cylinder 14 above a critical frequency. The 
phenomena is one of the paradigms of fluid dynamics 
and has been widely investigated and reported in the 
art. The vortex consists of liquid cells 16 whose height 
h is approximately equal to the width w of the'annular 
gap 10. The major ?ow of the liquid in annular gap 10 
is azimuthal ?ow of the liquid in the same sense as the 
rotation of inner cylinder 10 (as shown by arrow b). 
Nuclear magnetic resonance studies have shown that 
the vortex radius is approximately half the cell height 
and the vortex axial angular velocity is approximately 
equal to Fe when F is twice FC. Within each cell 16, a 
rotating vortex core of liquid is established, and adja 
cent cells are counter-rotating. This creates sharp stable 
boundaries 18 which alternatively ?ow inward (slow) 
and outward (fast). The number of cells in a column is 
equal to the column length divided by'the cell height 
with roundoff occurring in the end cells. Most of the 
studies performed to date on prototypes of the present 
apparatus have been carried out with a gap ratio (in 
ner/outer cylinder radii) of about 0.5. It has been found 
that the rotation rate may be varied over an order of 
magnitude before the onset of more complex motions in 

6 
the ?uid. Vortex stabilized columns have been gener 
ated and maintained in devices ranging from a 50 micro 
liter syringe with a central melting point capillary serv 
ing as the inner cylinder up to an 8 liter cylinder. 
The practical size range of the inner and outer cylin 

ders (and thus the volume of the annular gap) is linked 
to the critical frequency for the onset of Taylor vortex 
flow. The critical Taylor frequency is de?ned as 

for q=0.5 where q is the gap ratio, d is the gap width, 
a the inner cylinder radius, F the rotor frequency and v 
is the kinematic viscosity. For water v=l 0S, and this 
gives the critical frequency F, as 

For lab operations, F is normally limited to 0.01 to 100 
20 

25 

45 

Hz so “a” is in the range of 3 cm to 0.3 mm. The corre 
sponding annular volumes are N><283 ml to N><0.283 
microliters where N is the number of cells in the annular 
chamber. Taylor vortex flow is maintained over the 
frequency range from F0 to at least 10 times FC in separa 
tion devices constructed in accordance with this inven 
tion over a wide range of annular volumes. It has been 
reported in the literature that some Taylor vortex struc 
ture is maintained at rotational frequencies approaching 
10,000 times the critical frequency. With gap ratios 
approaching unity, and large diameter cylinders, it is 
possible to reduce the critical frequency. For example, 
to create 1 mm cells, one can choose a gap ratio of 0.5 
and 2 mm internal diameter tubing which has a critical 
frequency close to 100 Hz. The critical frequency can 
be reduced to 2 Hz with a gap ratio of 0.8 inside 1 cm 
internal diameter tubing. Industrial scale operation 
could be achieved by using large diameter cylinders 
with q near 1, i.e., a small gap. This would give a practi 
cal Fc value for large volumes. 
FIG. 2 illustrates a simple operational embodiment of 

the present invention. Inner cylinder 112 is rotatably 
supported in outer cylinder 114 by lower inner cylinder 
support 20 and upper cylinder guide 22 which also 
serves as a closure for the annular separation chamber 
110 de?ned by the walls 27 and 26 of the inner cylinder 
112 and outer cylinder 114, respectively. Inner cylinder 
112 is connected through drive ‘shaft 28 to a variable 
speed motor 30 positioned to rotate inner cylinder 112 
relative to outer cylinder 114. Upper cylinder guide 22 
includes a vent 32 which also serves as a means for 
accessing annular chamber 110 for the purpose of sam 
ple input and withdrawal by use of, for example, a sy 
ringe (not shown). Separation chamber 110 is provided 
with an elution port 34 with “T” valve 36 which can be 
positioned to allow elution of ?uid in the annular cham 
ber by gravity flow out elution port 34 or to allow liquid 
communication between separation chamber 110 and 
electrode compartment 38 (the position shown). 
The lower inner cylinder support 20 is designed to 

allow ?uid in separation chamber 110 to pass through 
elution port 34 when valve 36 is positioned to allow 
elution of the ?uid from the separation chamber 110 
(about i turn counterclockwise from the position 
shown). 
FIG. 3 is a cross-sectional plan view of the apparatus 

of FIG. 2 at 3—3. The inner cylinder support 20, lo 
cated in the lower portion of annular separation cham 
ber 110, has a segmented of spider-type construction to 
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allow ?uid in separation chamber 110 to pass into elu 
tion port 34 with minimal mixing of ?uid in adjacent 
Taylor vortex cells formed in the separation chamber 
during rotation of inner cylinder 112 above the critical 
frequency. The inner cylinder support construction also 
allows elution of ?uid from annular separation chamber 
110 during rotation of inner cylinder 112. 
An electrical ?eld is applied to ?uid in separation 

chamber 110 by upper electrode 40 and lower electrode 
42 positioned in electrode compartment 38, which dur 
ing operation of the apparatus is in ?uid communication 
with the support ?uid in separation chamber 110. Nota 
bly, gas bubbles formed at lower electrode 42 during 
operation of the apparatus shown in FIG. 2 cause but 
minimal transient perturbation of the Taylor vortex 
cells as they ?ow up through the annular separation 
chamber. 
The elution port 34 is be ?tted with a ?ow cell 44 

having a sensor capable of detecting and signalling 
concentrations of separation substrates in the support 
?uid as it passes through elution port 34. 

Control of temperature in the separation chamber can 
be facilitated, for example, by constructing the appara 
tus to have a coolant jacket in thermal contact with a 
cylinder wall. 
FIG. 4 depicts another embodiment of the present 

invention. The apparatus is identical to that illustrated 
in FIG. 2 except that electrodes 240 and 242, used to 
apply an electric ?eld to the annular separation cham 
ber 210 between the rotatably mounted inner cylinder 
212 (supported by inner cylinder support 220) and the 
outer cylinder 214, are each mounted in separate elec 
trode compartments 46a and 46b for containing electro 
lytes 48a and 481), respectively. Each electrolyte has a 
composition dependent on the nature of the electrode 
(anode vs cathode) the pH or pH range of the support 
fluid and the nature of the electrophoretic method being 
performed. This construction (with separate electrode 
compartments) allows electrodes 240 and 242 to be 
removed from direct contact with the support ?uid, the 

' separation substrate, and any support ?uid additives and 
offers the advantage of minimizing both oxidation/re 
duction of support ?uid components (the pH of the 
conducting solution can be selected to repel am 
pholytes) and physical disturbance of the support ?uid 
by gas bubbles produced at the electrodes during opera 
tion of the apparatus. 

Electrode compartments 46a, 46b are each con 
structed so that electrolytes in said compartments are in 
current conducting communication with support ?uid 
in annular chamber 210. Electrode compartment 460 is 
constructed to contain electrolyte 48a which is in 
contact with electrode 240 and in current conducting 
communication with the ?uid in separation chamber 
210 through upper electrode tube 50. Valve 52 on elec 
trode chamber 46a can be opened to drain electrolyte 
48a from the chamber. An electrolyte 48b in electrode 
compartment 46b is in contact with electrode 242 and in 
current conducting communication with ?uid in annu 
lar separation chamber 210 through lower electrode 
tube 54. Valve 236 can be rotated manually to allow 
elution of ?uid in separation chamber 210 through elu 
tion port 234. 

Electrode tubes 50 and 54 are each ?tted with a cur 
rent conducting membrane structure 56, 58, respec 
tively, for example, a porous glass plug or a semi-perme 
able membrane, to prevent hydrodynamic mixing of 
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8 
electrolytes 48a and 48b with support ?uid in annular 
separation chamber 210. 
The nature of the electrolytes in each of the respec 

tive electrode compartments 46a, 46b will depend on 
which compartment is selected as the anode compart 
ment and which is selected as the cathode compart 
ment. The electrolytes utilized in the electrode com 
partment designated for the anode is acidic, typically a 
dilute acid or a buffered acidic solution, The electrolyte 
utilized in the electrode component selected for the 
cathode is typically basic and commonly buffered. 
The operation of the present electrophoretic separa 

tion apparatus parallels the operation of art-recognized 
electrophoretic separation equipment known in the art, 
particularly those devices utilizing a free ?uid support 
medium stabilized by means other than the Taylor vor 
tex ?ow utilized in the present apparatus. Thus the same 
operational considerations apply as those for the perfor 
mance of electrophoretic separations in, for example, a 
sucrose density gradient stabilized electrophoretic sepa 
ration apparatus, such as the well-known Ampholine 
electrofocusing column, the Disco Model 210 density 
gradient electrophoresis column, or the Poly-Prep 200. 
Operation of the apparatus of the present invention 
differs only in the requirement that the inner cylinder be 
rotated at or above the critical frequency during the 
electrophoretic separation. During isolation of portions 
of the support ?uid bearing concentrations of selected 
separation substrates rotation should be reduced below 
F6 (80-95% PC). This reduces the rate of dispersion, i.e., 
diffusion of the analytes present, thus preserving the 
separation. 
When the electrophoretic separation apparatus of this 

invention is to be operated in a zone electrophoresis 
mode, a sample containing multiple separation sub 
strates is transferred to the separation chamber, already 
containing support ?uid, for example, a buffer of prede 
termined pH and ionic strength, with the inner cylinder 
being rotated at a frequency above the critical fre 
quency, and with care to apply the sample as a narrow 
band occupying a minimum number of vortex cells. The 
sample can be applied to the stabilized support ?uid in 
the separation chamber using, for example, a syringe 
inserted into the chamber, at any locus along the cham 
ber axis. An electric ?eld is applied to the separation 
chamber for a period of time suf?cient to allow differen 
tial migration of the separation substrates in the sample. 
The electrodes (40, 42 of FIG. 2; 240, 242 of FIG. 4) are 
connected to a power supply, commonly a constant 
voltage power supply. Axially discrete de?ned portions 
of support ?uid bearing elevated concentrations of mi 
grated separation substrates can be detected in the annu 
lar chamber by, for example, an axially moveable opti 
cal sensor designed to measure optical properties of 
?uid in the respective vortex cells along the axial length 
of the annular chamber. The inner cylinder is rotated 
continuously throughout the electrophoretic separation 
procedure. During elution of separation substrate hear 
ing fractions from the separation chamber, reduction of 
rotational frequency, as described above, is preferred. 

In the isoelectric focusing mode the separation appa 
ratus of this invention is operated in much the same 
manner as that described above for zone electrophore 
sis. However, because isoelectric focusing is an equilib 
rium method, the way the sample is applied is not as 
critical as in zone electrophoresis where a thin starting 
zone is necessary. Thus, the separation sample may be 
incorporated (mixed) into the support ?uid before or 
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after it is ?lled into the separation chamber. Also, be 
cause isoelectric focusing depends on the formation and 
maintenance of a pH gradient in the electric ?eld, pH 
gradient producing additives, for example, art-recog 
nized ampholytes, are added to the support ?uid at pH 
gradient producing concentrations, typically about 1%. 
The progress of focusing can be observed by decrease 
of current at a constant voltage. The preferred mode of 
operation of the focusing apparatus is at constant 
power. During a separation run the electric ?eld may 
initially start at about 5 to 10 volts per centimeter and 
gradually increase up to as much as 100 volts per centi 
meter as the conductivity of the focused medium de 
creases. The focused concentrations of separation sub 
strates can be detected and isolated by elution of the 
?uid portions containing such concentrations from the 
separation chamber. 

Taylor vortex ?ow stabilization of the support ?uid 
in a electrophoretic device offers multiple inherent 
advantages. Signi?cantly, the vortex ?ow enhances 
dissipation of thermal energy from the support ?uid to 
the chamber walls. Not only does this minimize the 
possibility of having localized zones of support ?uid at 
substrate denaturing temperatures, but it also allows for 
generally more efficient cooling which may allow 
steeper voltage gradients and increased resolution 
power. Further, the vortex ?ow tends to minimize the 
potential for formation of undesirable neutral zones that 
are known to occur in gel stabilized isoelectric focusing 
media. 
The present apparatus may allow for the preparati 

ve/commercial scale electrophoretic separation of a 
wide variety of substrates with the high separation ef? 
ciencies recently heralded by skilled practitioners for 
capillary zone electrophoresis. Further, the use of Tay 
lor vortex stabilization can allow the establishment and 
maintenance of pH gradients without use of art-recog 
nized ampholytes. It is possible that isoelectric focusing 
can be achieved in the present apparatus using support 
fluids free of polymeric ampholytes, thus eliminating 
the need to separate focused substrates from their equi 
isoelectric ampholytes. Probably one of the earliest 
commercial applications of the present apparatus will 
be its use for the isolation, puri?cation and standardiza 
tion of ampholytes for use in other electrophoretic ap 
plications. Thus, a solution of a crude ampholyte prepa 
ration can ‘be introduced into the annular chamber of 
the present invention, focused in the electrical ?eld and 
then separated according to pre-determined pH values. 
Since puri?cation of ampholyte preparations constitute 
a signi?cant portion of the expense of their production, 
it is expected that use of the present separation appara 
tus can provide a signi?cant reduction in the cost of 
manufacture of those compositions. 
The separation apparatus of this invention has been 

described particularly for electrophoretic separation. It 
will be appreciated, however, by those skilled in the art 
that potential ?elds other than an electrical ?eld can be 
utilized to effect selective differential migration of sepa 
ration substrate species in a support ?uid stabilized by 
Taylor Vortex ?ow. Thus, means for applying for ex 
ample, a magnetic potential, a centrifugal potential, or a 
chemical potential along the length of the separation 
chamber can be substituted for the electrical potential 
?eld herein detailed for the separation of substrates 
which migrate differentially with respect to the support 
?uid in response to such potential ?eld. 

10 
While each of the illustrations herein depict the pres 

ent apparatus in a vertical operational orientation, it is 
noted that the apparatus can be designed to be operated 
in a horizontalorientation. Such a design requires use of 
?uid retaining axial seals where the rotatably mounted 
inner cylinder contacts the cylinder guide at the end of 
the separation chamber. As presently contemplated, 
however, a vertical operational orientation is preferred 
for the reason that such axial seals are not required, and 
the vertical orientation allows the separation of ?uid 

. fractions containing migrated separation substrates by 

40 

45 

55 

gravity ?ow. 

EXAMPLES 

EXAMPLE 1 

Taylor Vortex Study-Maintenance of pH Gradient 

An apparatus was constructed substantially as shown 
in FIG. 2 having an inner cylinder (outer diameter 1.8 
cm) rotatably mounted inside an outer cylinder having 
an internal diameter of 2.5 cm. The critical frequency 
for water in this system is 22.1 rpm. The annular separa 
tion chamber was ?lled (60 ml) with a 1% solution of 
Fisher Universal Indicator. The inner cylinder is ro 
tated at 60 rpm utilizing a variable speed stepping mo 
tor. The column length is 25 cm. The apparatus is en 
closed in a plexiglass box ?tted with a cooling fan. Elec 
trolysis is performed at constant voltage of 2 KV utiliz 
ing an upper platinum loop anode and a lower platinum 
wire cathode mounted in the column terminator. Imme 
diately after initiating current ?ow the indicator evi 
denced formation of acidic (red) and basic (blue-purple) 
regions at the anode and cathode respectively. The 
regions are characterized by sharp boundaries orthogo 
nal to the axis of the annular chamber. The length of the 
respective acidic and basic regions were ‘such that the 
acid region was approximately twice the length of the 
basic region, said lengths being directly proportional to 
the electrophoretic mobilities of the hydronium 0130*‘) 
and hydroxyl (—OH) ions respectively. After about 15 
minutes of applied potential, the system reached an 
equilibrium point. The individual vortex cells in the 
region close to the neutralization level are clearly dis 
cernible. The pH=7 neutral region occupies about five 
vortex cells. Minor variation from the horizontal cell 
boundaries are observed from time to time when, for 
example, bubbles rise through the layers. When the 
potential is removed, the neutralization boundary shifts 
to the midpoint of the column as expected for equimolar 
electrolytic generation of H3O+ and -OH. 

Molecular transport takes place in the time sequence 
fast azimuthal equilibrium corresponding to cylinder 
rotation frequencies; moderate axial transport with 
transfer preferentially at the cell boundary; and slow 
radial equilibrium which is facilitated by azimuthal/ax 
ial transport under electrolytic conditions. It appears 
that transport is more effective across the slower mov 
ing inward ?owing boundary than it is across the fast 
outward boundary. The acid and base bands advancing 
into the neutral solution are alternatively wide (slow) 
and narrow (fast). 

Transport in the column is controlled by electromo 
bility. The time for column development can be de 
creased by a factor of 5 by the addition of KCl. This 
also narrows the neutral region of the column to a single 
vortex cell. Equilibrium current is independent of rotor 
frequency over an order of magnitude (30-300 rpm). 
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Again, the location of the neutral cell in the column is 
biased to the basic end of the column and reflects the 
higher mobility of the proton (hydronium ion) relative 
to the hydroxide ion. In one mM KCl solution the neu 
tral cell is located at 0.651006 of the inter electrode 
distance. The theoretical location of the neutral cell is 
0.61 based on the mobilities of H, +Cl—, K+ and -OH. 

EXAMPLE 2 

Electrophoresis 
In the same apparatus utilized in Example 1, electro 

phoresis of 0.01M Tris/0003M HCl solution was con 
ducted. The solution contains l% Fisher Universal 
Indicator for visualization. The electrodes are reversed 
from the positions utilized in Example 1 so that the 
cathode is at the top of the column and the anode is 
located at the bottom of the column. Electrolysis was 
performed at 10 watts constant power (1550 V, 6.9 
mA). The solution clears from the cathode toward the 
anode as electrophoresis of the indicator takes place. 
The acid boundary location and base boundary loca 
tion, measured at 2 minute time intervals, were as fol 
lows: 

BASE ACID 
INTERFACE (IN) INTERFACE (IN) TIME (MIN) 

10.8 3.3 2 
9.8 3.6 4 
8.7 4.1 6 
7.9 4.6 s 
6.2 5.0 10 
5.6 5.0 Equilibrium 

EXAMPLE 3 

Isoelectric Focusing 
In an apparatus similar to that shown in FIG. 4, the 

right hand electrode compartment was ?tted with a 
platinum anode and ?lled with 0.05M phosphoric acid. 
The left hand column was ?tted with a platinum cath 
ode and ?lled with 0.05M sodium hydroxide. The cath 
ode compartment was connected to the top of the sepa 
ration column by 1 cm tubing (with no membrane struc 
ture) and the anode compartment is similarly connected 
at the bottom of the separation column through a “T” 
valve on the elution port. The inner cylinder OD was 
1.8 cm and the outer cylinder ID is 2.5 cm (Critical 
frequency for water-22.1 rpm). The inner cylinder was 
rotated at 60 rpm. The annular separation chamber 
(about 25 cm long) was then charged with 60 ml of 1% 
Biorad ampholyte (range pH 3-10) and 100 mg of he 
moglobin, Hb (pl 6.9) and lOO mg cytochrome C (pl 
9.6). lsoelectric focusing was conducted at 10 watts for 
6 hours (?nal current 5 mA), to effect a band separation 
of 8.5 cm and band widths of approximately 4.5 cm. 
Band focusing was effectively complete after 2 hours as 
judged by the time dependence of the current flow and 
the observed band concentration. 

EXAMPLE 4 

lsoelectric Focusing of IEF Standards 

The isoelectric focusing of the 8-component Biorad 
IEF standard to which a small amount of methyl red 
was added in a 1% ampholyte solution (Biorad pH 
3-10) was carried out under the same conditions as 
stated in Example 3 above except that the elec~ 
tropolarity and buffer solutions were reversed. After 2 

10 

25 

30 

55 

65 

12 
hours, focused bands of methyl red (pl 3.75) and phyco 
cyanin C (blue pI 4.65) are visible. The methyl red and 
phycocyanin are separated by 2.6 cm with band widths 
of 6.5 cm and 2.5 cm, respectively. The separation was 
accomplished in 2 hours at 10 watt constant power 
(600-1700 V). 
The different band widths of the two components 

reflect the different diffusion constants of those compo 
nents (methyl red-molecular weight 269; phycocyanin 
molecular weight 232,000). The estimated band width 
ratio 2610.6 is compared with the value of 3.08 pre 
dicted from the equations of Svennson assuming Stokes 
Einstein diffusion. The bands are stable for hours. 
We claim: 
1.'A separation apparatus comprising 
a substantially uninterrupted annular chamber de 
?ned by walls of an outer cylinder and a substan 
tially coaxial rotatably mounted inner cylinder, 
said annular chamber adapted to contain a support 
?uid and separation substrates capable of migrating 
relative to said ?uid under the in?uence of an elec 
trical ?eld, 

means for applying an electrical ?eld to said chamber 
to generate an anodic region and an axially remote 
cathodic region in the annular chamber, 

means for rotating the inner cylinder relative to the 
outer cylinder at a rotational frequency (F) where 
F is at least as high the critical frequency (F6) for 
onset of Taylor vortex ?ow in the annular cham 
her, and 

means for separating ?uid in axially discrete portions 
of the annular chamber from ?uid in other axially 
discrete portions of the annular chamber. 

2. The separation apparatus of claim 1 wherein the 
anodic region and cathodic region are located proximal 
to the respective opposite axial ends of the annular 
chamber. 

3. The separation apparatus of claim 1 where 
FC§F< IOFC. 

4. The separation apparatus of claim 1 further com 
prising means for controlling temperature of the ?uid 
contained in the annular chamber. 

5. The separation apparatus of claim 4 wherein the 
temperature control means includes a coolant jacket in 
thermal communication with a wall of the annular 
chamber. 

6. The separation apparatus of claim 1 wherein at 
least one of the cylinders is a right circular cylinder. 

7. The separation apparatus of claim 6 wherein both 
the inner and outer cylinders are right circular cylin 
ders. 

8. The separation apparatus of claim 7 further com 
prising means for detecting the axial locii of concentra 
tions of separation substrates in the support fluid. 

9. The separation apparatus of claim 8 wherein the 
detecting means includes a sensor capable of measuring 
PH, conductivity, or optical properties of ?uid in axi 
ally de?ned portions of the annular chamber. 

10. The separation apparatus of claim 1 further com 
prising means for identifying axial discrete portions of 
support ?uid which contain Concentrations of separa 
tion substrates. 

11. The separation of claim 1 wherein the electric 
field is applied through electrodes in current conduct 
ing communication with the respective anodic and ca 
thodic regions of the annular chamber. 



4,900,421 
13 

12. The separation apparatus of claim 11 wherein the 
electrodes are in contact with the support ?uid. 

13. The separation apparatus of claim 11 wherein 
each electrode is positioned in a current conducting 
?uid, each in current conducting communication with 
the support ?uid. 

14. The separation apparatus of claim 13 wherein the 
current conducting fluid is separated from said support 
?uid by an electrical current transmitting membrane 
structure. 

15. The separation apparatus of claim 1 wherein the ‘ 
means for separating axially discrete portions of the 
?uid in the annular chamber includes a valved elution 
port communicating with said chamber so that at least a 
portion of the ?uid can be eluted from the annular 
chamber through said port by gravity ?ow when the 
annular chamber is in a vertical orientation. 

16. The separation apparatus of claim 15 further com 
prising means for detecting substrate concentrations in 
?uid passing through the valved outlet. 

17. The separation apparatus of claim 16 wherein the 
detecting means is a ?ow cell communicating with the , 

valved outlet said ?ow cell including a sensor capable 
of measuring pH, conductivity or optical properties of 
fluid ?owing through said ?ow cell. 

18. A separation apparatus comprising 
a substantially uninterrupted annular chamber de 
?ned by walls of an outer cylinder and a substan 
tially coaxial rotatably mounted inner cylinder, 
said annular chamber adapted to contain a support 
?uid and separation substrates capable of migrating 
relative to said ?uid under the in?uence of a force 

?eld, 
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means for applying a force ?eld to said chamber to 

generate in said chamber a region of ?rst potential 
and an axially remote region of second potential, 

means for rotating the inner cylinder relative to the 
outer cylinder at a rotational frequency (F) where 
F is at least as high as the critical frequency (F6) for 
onset of Taylor vortex ?ow in the annular cham 
ber, and 

means for separating ?uid in axially discrete portions 
of the annular chamber from ?uid in other axially 
de?ned portions of the annular chamber. 

19. The separation apparatus of claim 18 wherein the 
force ?eld is an electrical ?eld. 

20. A method for separating substrates which migrate 
with respect to a support ?uid under the in?uence of a 
potential ?eld said method comprising the steps of 

transferring said substrates in a support ?uid to an 
annular chamber de?ned essentially by walls of an 
outer ‘cylinder and a substantially coaxial rotatably 
mounted inner cylinder, 

rotating the inner cylinder relative to the outer cylin 
der at a rotational frequency (F) where F is at least 
as high as the critical frequency (Fe) for onset of 
Taylor vortex ?ow in the ?uid in the annular 
chamber, and during said rotation 

applying a potential ?eld axially to said chamber to 
generate in said chamber a region of ?rst potential 
and an axially remote region of second potential, 
said potential ?eld being applied until at least one 
axially discrete portion of support ?uid in the 
chamber is detected to contain a concentration of a 
substrate, and 

separating said axially discrete portion of substrate 
containing-support fluid in the annular chamber 
from other portions of ?uid on the chamber. 

21. The method of claim 20 wherein the potential 
?eld is electrical. 

* * i! * * 
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